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way supplied the said drawings, specifications, or other data 1 is not to be 
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Requests tor copies of this report should be directed to either of the addressee :; · 
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with Defense Documentation Center (DDC): 
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The experiments reported herein were conducted according to the "Principles of 
Laboratory Animal Care" established by the National Society for Medical Research. 
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Abstract 

The aim of these studies was the development ol mode! eompomids with \\ hieh 

information useful in understanding energy metabolism might he obtained to aid 

in development of food lor space travel. Seven-month studies feeding rats with 

1,3-butanediol have been completed. The results ol these studies eonfirm the 

utili/alion ol this compound as an energy source. Measurement of a number ol 

metabolic- parameters at the completion of the study support the contention that 

l,3-butanedi()l is probably metaboli/ed through carbohydrate rather than fat 

pathways. Metabolism studies with 2,-1-dimethvlheplanoic- acid labeled with C" 

in the alpha methyl group indicate that this eompound as predicted is oxidi/ed 

through piopionate. Design and construction details ol the direct animal calori- 

meter are presented. Results ol a limited number of studies with rats led various 

diets indicate that the device' luifills its design functions 
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SECTION I. 

lntrocludion 
The relationship between diet and environment represents one of the most interesting areas 

of nutritional research. Modem thought in nutrition is that the environment can determine nutri­
tional need. Conversely, the diet can modify the response of the organism to its environment. 
In the early years of planning for man's entrance into space, the problems of weight and volume 
were paramount. At that time, an essential requirement for this journey was a light, highly con­
centrated source of nutrients. Of the many approaches examined, one was concerned with the in­
vestigation of new and unusual nutrient sources. The principal goal in this study was the produc­
tion of high energy diets in which all or a principal portion of the energy would be supplied by 
synthetic compounds having certain caloric densities greater than that of the carbohydrates and 
capable of being fed at greater levels than the fats. 

These investigations were divided into three sectio.1s. The first was concerned with available 
compounds not normally associated with the diet. The diol, 1,3-butanediol, was selected as the 
model for the group. The second approach was <.'Oncerned with the design and synthesis 
of new compounds capable of performing specific metabolic tasks. The fatty acid, 2,4-dimethyl­
heptanoic a..::id, used in these studies, was designed to supply energy rquivalent to that of a fatty 
acid without the usual deleterious effects associated with feeding large amounts of these materials. 
The third section of this program was concerned with the design and c'Onstruction of a highly 
sensitive and rapid animal calorimeter for use in the study of energy metabolism. 

The initial work in these studies was presented in earlier reports (refs. 1, 2) . The present 
report is concerned with the continuation of these sttJdies. 

The aims of these studies were to develop model compounds with which information useful 
in understanding energy metabolism might be obtained. With this information, more useful and 
practical compounds may arise. 
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SECTION  II. 

Animal Experimentation 

The objectivt's ol tlic animal exporiiiR'ntation phase ol tliis investigation were to establish a 
metabolic basis lor the evaluation of potential eompomKls useful as synthetic dietary energy 
sources, in general, these studies have been concerned with the determination of the metabolic 
caloric densiU ol these compounds as well as the investigation of the physiological and nutritional 
effects ol feeding these materials. 

Metabolic studies of two compounds are discussed. For the first, 1,3-bulaiiediol, the final 
results ol a long term growth and metabolic study are reported In the case of the second com- 
pound, 2,4-climethylheptanoic acid, data are reported ol a study in which the compound was 
labeled with C" in the alpha methyl group. 

PROTEIN,  FAT AND   1,3-BUTANEDIOL INTERRELATIONSHIPS 
IN  HIGH  ENERGY  DIETS 

In the previous report (ref. 2), preliminary data were reported of a 30-week study iitili/ing 
rats to determine the interactions and effects of adecpiate and high dietarv levels of protein on 
the utili/alion of diets containing various levels of fat and 1,3-butanediol. At the conclusion ol 
that study, samples of urine, blood, and liver were taken and used for the determination of various 
metabolic intermediates and products. In order to present as clear a discussion as possible, some 
of the data presented m the earlier report ( ref. 2 i are reported here. In addition .1 summary of 
pertinent literature concerning  1,3-butanediol also is included. 

Commencing around 1949, reports on 1,.3-butanecliol began to appear in the literature Kisc her 
et al (ref 3) reported that 1,3 butanediol had a love toxicitv as indicated In an oral LI).-,,, of 29.42 
enr'/kg in rats. Kurther studies bv Meyer (ref 4) in three generations of rats indicated that rela- 
tively low levels ol 1.3 butanediol had no adverse effect on growth, fertilitv, and reproduction 
Hornmann (refs .1, fi. 7', in bis three-part series (if papers, also concluded that 1,3-butanediol 
was of lou  acute and chronic toxicitv. 

Specific nutritional use of polyhydric alcohols, including 1,3-butanediol, was reported by 
Schussel i reis S, 9) The polvols were fed to rats at level' ol .")'• to 4()'1 ol dietarv calories. 
Of the 7 polvols tested, ! ,3-biitaiiecliol was best tolerated 1 ,ow concentrations appeared to stim- 
ulate growth. 

In our laboratory, data have been developed which demonstrate that 1,3-butanediol has a 
metabolic caloric density ol approximately 6 Cal g (ref 1* and that it may possibly be me- 
taboli/ed through pathways resembling those ol carbohydraie rath'r than fat ( rel   2), 

In the present report, work representing a continuation ol  these studies is presented. 

Experimental Procedures 

Commercial ^racle 1,3-butanediol (HP) was used in all ol the experiments The compound 
met specifications ,is follows: boiling point, 207..') (". specific gravity 20/20 C, 1 OOfi. and a mini- 
mum purity ol 99'; bv weight While HI) has unusual chemical stability, because of high 
by groscopicity,   (.ire   was   taken   In  prevent   water   absorption   in   storage   and   handling 

The animals used m this study were Cae.sarean derived "SIM'" male rats (Charles Hiver 
Laboratories) which weighed approximately   145 g each  More mature animals were used to avoid 

"wmu 



flic odor and palatahilify prolilcins associated vvitli the use of younger animals in the earlier 

studies (ref. 2). All animals were housed in individual wire bottom cages in temperature, hu- 

midity, and light controlled rooms. 

The animals were arranged in fifteen groups of 10 rats each and were led their respective 

diets for 30 weeks. Protein, fat and HI) levels were the mam experimental variables In some 

diets, however, supplements of soy lecithin were used to try to increase fat absorption. Calcium 

lactate and sodium propionate were added to two of the diets to test for possible antiketogenic 

effects. The characteristics of the diet on a dry basis are given in 'able 1 In addition, all of the 

diets contained 47< salt mix, 1.2'7< vitamin mix, and A7< agar by weight Where supplied, carbo- 

hydrate was furnished by sucrose, dextrose and dextrin in the ratio of 2; 11, respectively. The 

fat source consisted of 1 part torn oil to 3 parts lard In order to facilitate the feeding of high 

levels of fat and HI), all diets were prepared as semisolid agir gels by incorporation of 1000 g of 

the dry diet with 750 ml of hot water containing the dissolved agar 

At the end of 30 weeks, the animals were placed in metabolism cages and fasted for 1H hours. 

Urine was collected in ice and was kept frozen in sealed vials until analysis could be performed. 

After removal from the metabolism cages, the animals were killed by decapitation, blood collected 

and livers and kidneys removed and weighed Kxamination was made also for j^ross pathological 

changes. The blood was kept refrigerated, centrifuged, and the serum removed and frozen 

An aliquot of liver was taken immediately upon dissection, weighed and placed in KOll The re 

mainder was frozen. 

TABLE  1 

CJiaractcrvitics of duls used in 30 ticrk hm^-term studii* 

3       4 

Diet  No. 

7      H      9      10      11     12     13     11    15 

Protein,'' 

Fat, ". 

1,3-Butanediol, '' 

Carbohydrate, '''< 

l.ec ithin, "■ 

Calcium lactate, ':'■ 

Sodium propionate, '• 

18     36     !8 

1(1 K)     30 

62     42     42 

36 IS 36 36 IS 

30 30 3. 30 30 

— 20 20 20 30 

22 22 9 _ 12 

18     28     18     ,36     18     18     18     28 

iü     30     ,30     50     50     60    60    60 

30      _      _      _ 

-     22 

0.5      -      -      - 

12 11 

0.5 

2.5 

2.5 

60 

6      - 

•Dry basis 

Measurements were made of serum glucose (ret 10), ketone Ixidies (ref 11 i and cholesterol 

(ref. 12 i In the liver, determinations were made of glycogen ( rel 13) and phosphohexase iso 

merase  (ref    14)   I'rmarv  ketone lx)dies also were determined (rel   11). 

Ml of the data were statistically analyzed bv  the analysis of variance methods described bv 

Sued.cor (rel   15). 

Results 
Data for the first 4 weeks of this long term feeding sludv  are given in table 2   Animals fed 

diets 8 and 9 which conlamecl 307«   HI) consumed less food and gained less bodv weight than rats 

■n«r mm 



led am ol the oilier diets As a result, food and calorie ellic iriu v were depressed hy the 30^ level 
oi Bl) The hody weight ^ains ol the 2 groups of rats receiving the 30'"! HI) were significantly less 
(l: 0.05) than those ol rats on am of the other diets Within a specific fat level, wnghl gains 
were generalK improved m the group receiving the higher protein level, hut these differences 
were significant  (P    005)  only in rats fed the 50':   la!  diets. 

After 30 weeks of feeding (tahle 11! I, annuals fed HI) (groups 5 to 9) were lighter in hody 
weigh' than rats led any of the nlhei diets containing 30'■  or more fat  (diets 3 and •(.  10 to 15). 

TABLE II 

Effects of iirolcm. fat anil I .S-hutatwdiDl (BD) levels OJI 4 tieek 
urig/i/ Haiti, nutrient intake and nutrient rffuiency 

(•riiu ) 1)1,1 
No 
Mais 

WVi,; 
(lam 

la 
• 

N 

IMXHI 
1 

itricnl   In! 
l)r\   basis 
I'lulcin 

ike 
) 
(lalorifs 

Cal 

Nutru 
1' i >, )il 

iit   Kfficicncyl 
I'rotcin   Oalunci 

1 10' tat   •   IS' ;  pro! ein 10 160 • 6t 448 SI 0 IS0S 35 0 1 97 8.8 

2 10' fat   t  ,■<»' ; prot em 1(1 171 • 5 112 159 7 178,3 39.3 1.09 9.7 

3 3(r fat   ♦   \H' pro! ein 10 17') • S .399 72.1 2030 44.9 2.49 8,8 

1 30' lal   •  3b' i  prot ein 1(1 173 • S 384 I3S0 1952 45 1 1 25 8.9 

5 30' fat   •   IS' •  prot em 

20'; Bl) 1(1 113 • S 361 65 3 UXw 395 2. IS 7.3 

fi 30' lat   •  36' ;  prot ein 

20': Bl) () 159 • 10 347 125.5 1888 45.8 1 27 SI 

I 30' lal   •  36' prot ein 

20'-; Bl) • 0 5' led thin   10 148 • 10 320 115.8 1742 46 3 1.28 8.5 

H 30' lal   •   IS' ;  prot ein 

30':  |U) 1(1 100 • i 302 54 5 1740 33 1 1 83 5.7 

'i 30' lat   •  30' prot 'in 

i0'.  Bl) ') 1211 • 11 308 85 3 172S 28 9 1  10 6 9 

10 50' lal   •   IS' prot ein 10 1 13 • 11 330 59 6 2027 13 1 2 10 7.1 

11 50' lal   t  36' pn it •in 1(1 177 • 5 343 123 8 2013 51 6 1  1.3 8 7 

12 00 lal   •   IS' •  prot ein 10 101 • 12 351 0.3 4 2.341 40 S 2 59 7.0 

13 60' lal   •   IS' prot •in 

0 5';  le( l Inn 1(1 1 13 • - 313 56 5 2080 15 0 2 53 6 8 

11 00' lat   •   IS' -   pint em 

S 

Z •)   ■    l.U  t 

>d ii ii ii |Mi i| 

lie   • 

ii< mat 10 155 • 11 320 57 9 2079 IS 1 2 OS 7 5 

15 00' lal   •   30' prot '11! 1(1 170 • 1 32.3 89 0 209S 51 3 1 96 8.4 

•| s|) .a th.   V,   I, w i     :.r) i:   ,it tin   I' I   IIM 1      ii e 

11, ii ii I , flic i, i\i \       i: 1..., U  «. .ulit u.iin i" !  inn i, I I i miMiiiiiil   I'rnti in illii HUI \       i; 1> 

pripli ii M.iiii 3   <   il. ii H   i tin n in \       i; IM)I!\   \MII;III  I;.IIII |i< I   jlid i alniii» i niiMinicil 

I Stain I.in! irn n 

l\   \i i iv.nl  U.IIII |«r   I   '.; 
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TAHI.K III 

Kfferts of prolrin, fat. uiul I.'] htilutirdiol (HD) nu 3()u eck 
weight gain, nutrient tnlnkr, nutru-nt cffuwncy and sun ival 

.roup Diet 
No 
H.ils 

WCIKIII 

Cam' 
K 

NIIIIKIII   Intake 
(Dry   basis) Nulni-til   Ullii win v t 

K(KMI        I'rotrm    (^ilonrs I'CMH!     I'rolcin    (.aloncs 
«              a.           Cal %          %             % 

1 10% fat   f   18% protein 

2 10% fat  I  3fi7. protein 

3 .W. fat   (   187- protein 

■1     307 fat   \   36% protein 

5 30% fat  t   18% protein 

»  207 Ml) 

6 307 fat   (  36% protein 

(   20% HI) 

7 30% fat   (   36% protein 

(  207 HI) l 0.5% lecithin 

8 307  fat   I   187 protein 

(  307 HI) 

9 30% fat   t  30% protein 

t  30% HI) 

10 507 fat   (   187 prof.-in 

11 507 fat   I  36% pro ein 

12 607 f.it   t   18% protein 

13 607 fat   I   187 protein 

t   0.57 lentlnn 

11     607 fat   t   187 protein 

(   2.57 laelate  )   2.57. 

sodium propionate 

15     607  fat   (   307 protein 

9 

10 

10 

s 

9 

9 

445 * nol :i381 

448 ' 13 32H4 

518 ' 35 3118 

509 • 40 3099 

609 13644 13.2 0.73 

1182 13253 13.6 0.38 

561 15861 16.6 0 92 

1116 15767 16.4 0 46 

491 • 20     2913       524      1.58-11      16.9     0 91 

417 • 39     2867      1032      15589      15.6     0.43 

410 • 31      2682        966       14586      16.4      0 16 

397 ' 37     2637        475      15269      15.1      0 84 

14726 12.9 0.48 

17098 17.4 0 97 

16500 17.4 0 48 

19011 194 108 

188      1808-1      19.3      1.07 

182      17397      16.1      0.90 

rOI       17615      20 8     0 7* 

s 338 * 60 262.3 734 

9 48-1 • 40 278-1 501 

( 182 • 18 2766 fW6 

0 553 ' 12 2852 513 

(» 524 • 29 2713 188 

3.3 

3.4 

33 

3.2 

3 I 

2.9 

30 

2.6 

2.3 

2.8 

2.9 

2.9 

2 9 

432 • .30      26H0 

561 • 34      2718 3 2 

•LSI) ..I tl.r 57   I'V.-i      101  K, at ll.c 17   irv.l       143 y. 
ISlandanl error 

However, tli<- weight ^ains o( animals fe<l 207 HI) (diets ,r) .ind 6) were not signifieuntly dilfei 

cut from those of rats fed nn.supplemented 307 f.d ilicts (diets 1 and 5). As observed at 4 weeks 

animals in groups 8 and 9 which rinrived the 30'; l<\«lol HI) etitisnined the least food and had 

the lowest weight ^ams and food and (alone effieieneies In almost all eornparisons, the 2 groups 

of rats fed 307 HI) had significantly lower ( 1' 0 Of) to 001 I weight gains than animals fed any 

other diet. Nevertheless, food and calorie efficiencies of animals fed the lower level of 20'''' HI) 

( diets 5 and 6) were eomparahle to those of animals fed the 307 fat imsupplemenled diets (diets 

3 and 4). 

No protein effect was apparent at 30 weeks in addition the lecithin, calcium laetate and 

sodium propmnate supplements did not appear to he henefic i.d Mortality was not excessive and 

did not apix'.ir to tx- related to the type of diet 

i •»■ "••' ■■■ ■ ^ 



Liver and kidney weights, as recorded at the termination of the experiment after 30 weeks, 
are shown in table 1\'. There were no significant differences among any of the values when com­
pared on a percentage of body weight basis. 

The results of the determinations of metabolic intcrmerJiates and products are shown in fig . 1. 
Liver phosphohexase isomerase (PHI) generally d ecreased with increasing fat in the diet (fig. 1A). 

TABLE IV 

W eights of livers and kidneys of animals fed diets containing 
various levels of protein, fat and 1,3-butanediol• 

Croup Diet 

1 10'7o fat + 18'7~ protein .... 
2 10% fat + 36'7o protein. . 
3 30'7o fat + 18% protein ... 
4 30% fat + 36'7o protein .. 
5 30% fat + 18% protein + 20% 80 
6 30% fat + 36'7o protein + 20% 80 
7 30% fat + 36% protein + 20<;'o 80 + 0.5',( lecithin 
8 30% fat + 18% protein + 30% 80 
9 30% fat + 30'7o protein + 30% 80 

10 50'7o fat + 18% protein 
11 50'7o fat -'- 36'7o protein 
12 60'7o fat + 18% protein 
13 60'7o fa t + 18'7o protein + 0.5'7o lecithin 
14 60% fa t + 18 '7o protein + 2.5% lecithin + 2.5 '/r propionate 
15 60'7o fa t + 30% protein 

• :\o si~:nillcant differences exist among any of the liver or kidney values 
!Indicates standard error 

Liver 
'/o Body weight 

2.05 ± O.o7f 
2.19 ::t: O.o7 
1.98 :±: 0.07 
2.10 ± O.o7 
2.30 :±: 0.06 
2.20 :±: 0.05 
2.20 :±: 0.02 
2.40 :±: 0 .08 
2.20 :±: 0.14 
2.10 :±: 0.13 
2.20 :±: 0.10 
2.03 :±: 0.05 
2.00 :±: 0 .04 
2.00 :±: 0 .09 
2.10 ± O.o7 

Kidney 
% Body weight 

0.55 :±: 0.02 
0.53 :±: 0.02 
0.47 :±: 0.02 
0.50 :±: 0.02 
0.52 :±: 0.02 
0.59 :±: 0.03 
0.56 ± O.ol 
0.54 :±: 0.01 
0.63 :±: 0 .05 
0.49 :±: 0 .02 
0.48 :±: 0.01 
0.49 :±: 0.02 
0.48 ± O.C4 
0.57 :±: 0.03 
0.52 :±: 0.02 

The exception to this pattern was a rise in activity at 50% dietary fat. When RO was added to 
the 30% fat die t, PHI activity increased with increasing die tary concentrations. 

Serum glucose appeared to respond in a similar manner ( fig. 18 ) although the ehanges 
appear to be relatively small . In this case, however, there appeared to be a drop in semm glueose 
a t 20% BO with an increase at 30'7<> 80. 

On the other ha nd, little or no changes could be ohserved in liver glycogen ( fig . I 0 ) at 
dietary fat levels up to 50'7r. At 60% fat , however, there appeared to be a significant rise in liver 
glycogen. The addition of 20% 80 to the diet had little effect on this parameter. A supplement 
of 30% BO, however, resulted in an increase in liver glycogen. 

Changes in serum cholesterol are shown in fig. 1C. While there appeared to be a slight de­
crease in serum cholesterol with increasing d ietary fat, the changes are not significant . The 1,3-
buta nediol, however, gives indications of being an effective hypocholesteremic agent, reducing 
serum levels from 150 mg% at 0% in the diet to 60 mg'7n when the diet was supplemented with 
30% 80. 

The levels of serum ketone bodies ( SKB ) are shown in fig. 1E and tahle V. SKB generally 
inereased with inereasing dietary fat up to 50%. When dietary fat was increased to 60% the level 
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precipitously dropped , falling to 50'7o of the levels of 50% the animals fed fat diets. Similarly, 
additions of BD to the diet produced a slight decrt>ase of SKB. 

An inverse pattern ran be ohserved when urinary ketone bodies ( L KB ) are considered ( fig. 
IF and table V). In this case, however, little if any change can be seen at dietary fat levels to 
30'7o . At 50o/o dietary fat , however, UKB begin to rise reaching a maximum at 607< dietary L1t . 
The addition of BD to the 30'7o fat diet, however, results in essentially no change in UKB. Also, 
urine volume appeared to increase with increasing levels of dietary fat ( table V). The addition 
of BD to the diet appeared to slightly decrease urine volume. 

Discuuion 
In this series of experiments, following adaptation, rats were able to utilize 20% BD as a 

carbohydrate replacement in 30o/o fat diets. While utili7..ation of diets containing 307o BD was 
impaired as indicated by body weight gain and nutrient efficiencies, there was no unusual mor­
bidity or mortality. The results reported are in agreement with Bornmann's ( ref. 7) conclusions 
concerning the low order of toxicity of 80. They also support Schussel's ( ref. 9 ) original view­
point that BD can serve as a potential source of dietary energy. 
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TABLE V 

Ketone Bodies in Sen~m and Urine at 31) Weeks 

Serum Ketone BocJw.s• 
mg/100 m)_ __ - -------- ----------

Urioo Volume 
mV18 hours_ ________________ -----------

Urine ~etone Bodies 
v/mL _______ ________________ 

----
Total Urine Ketone Bodies 

mg/18 hours ____________________ ----
Urine ~etone Bodies 

mg/kg/18 hours ___ --- ----·-- -- ----

•Asacdoae 

10% 
Fat 

8.37 

6.85 

74.00 

0.51 

6.29 

30% 
Fat 

9.60 

8.20 

48.40 

0.40 

5.25 

50% 
Fat 

12.33 

11.40 

70.70 

0.81 

6.70 

60% 30% Fat 30% Fat 
Fat + 20% BD + 30% BD 

5.97 8.48 6.84 

13.56 8.17 5.55 

95.40 63.90 63.00 

1.29 0.52 0.35 

29.88 5.87 6.29 

'The initial attempt in our laboratory to feed high levels of BD to weanling rats (ref. 2) indi­
cated that the poor- performance in knns of weight gain but not of nutrient efficiency on 10% 
and 20% BD was due to a reduction in food intake. Further study of this problem by paired 
feeding (ref. 2) showed that animals pair-fed 5% and 20% BD for 3 weeks were similar or su­
perior to unsupplemented control rats in weight gain and food and protein conversion efficiency. 
However, in the caloric tests and in the short term graded level ad libitum and paired feeding 
test the animals did not appear to be fully utilizing the BD. Some insight into this pwblem was 
gained by an isocaloric force-feeding study (ref. 2) which demonstrated the need for an adapta­
tion period of at least 1 week for maximum utilization of BD. 

At the conclusion of the first 4-week period of the long-term study presented in this report, 
there was a marked decrease in food intake, body weight gain, and food and caloric efficiency of 
animals fed diets of 8 and 9 which contained 30% BD. These adverse effe<.1s of feeding the high 
lf'Vel of 30% BD continued throughout the entire 30-week feeding period. 

'The principle long-term effe<.1s of feeding BD are readily demonstrated if the results from 
groups fed similar levels of fat and BD are combined and compared. Fig. 2 shows such a com­
bined group growth curve. The curve indicates that except for the last 5 weeks on test, weight 
gains of animals fed 20% BD were rather similar to those of animals fed the 10%, 50% and 60% 
fat diets. Weight gains of rats on 30% BD lagged t:onsiderably behind the others. The superior 
weight gains on the 30% fat diets appears to <:onfirm the reports of Scheer ct al (ref. 16) that 
30% may be the optimum level of dietary fat for the rat. However, there is no agreement among 
worlc:ers ove;r the proper level of dietary fat . 

Eumioatioo of the combined 30-week data in table 3 indicates that weight gains and ut:l­
zation of diets containing 2D% BD were not significantly impaired. Food efficicn<.-y on these diets 
was 16.3 as compared to a value of 16.5 for the 30% fat unsupplcmented diets. Similarly, average 
caloric eflicieocy was 3.0 on the 2D% BD diets as compared to 3.3 for 30% fat unsupplemcnted 
diets and 2.9 for the 50% and 60% fat diets. 

In the case of the 30% BD diets, we must conclude from a consideration of all parameters 
measured that, at this level of feeding, there was a significant impairment in diet utilization. 
Sioce Hess and Kopf have reported (ref. 17) that BD retards the absorption of drugs, absorption 
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FK. 2. Weight (lains of Rafs led Diets (>()ii(aiiiin^ N'arion.s 

Ix'vcls of Kal and 1,3 Hutancdiol 

may l)c one of the factors K'.sponsiMc for llu1 lower nlili/ation nl diets coiitaiinii^ hi^li levels O( BD. 

(/Oinparison of tlie 309! fat diets, with and uithout 20''■ added HD. reveals that atiimals led 

llie liD-eonlainiiij^ diet consumed 97" less food in 30 \seeks ()ii the other hand, the highest 30- 

week food conversion ( 1897' ) was obtained in animals led the &)'■ I,it diets Furthermore, the 

eomhmed data (table 111) indicate that the 30-wcek average weight gams of rats, uith the ev 

ccption of those led 307 BD, were not statistically different on le\els o| l()'l . 30'; , 50'' and ßO'i 

fat While Miehelsen ct a! ( ref 1H) used a diet containing 63' • Lit to produce obesity, in this ex- 

periinent there were as many olx-se rats on 307 fat as on (it)'i hit I'nhke the observations ol 

Voshid.i et al {rel 19) the calorie consumption of rats generalK increased as the level ol fat in 

the diet  was raised  from   107   to 307', 507   and   60^. 

Somewhat similar to the results re|)orted by Kreuch et al (rel 2(1 after 1 weeks on lest the 

le\els of protein were apparentK without effect on the superior food utih/ation obtained with 

the high fat diets 

W f recogni/e that, whil'1 earlxilndrat;' may iiio<lil\ the response obtained with .i diet, there 

may not Iw a speeific recjinrenienl for carbohydrate (rel 21) In this experiment there did not 

appear to he any detrimental effects from feeding csscntialb no carbohydrate, except the small 

amount used as a diluent in the vitamin mix, in one of the 60'"   fat diets (diet  15)  for 30 weeks 
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Also, the feeding of 2% or less carbohydrate in diets 6, 7, 9 and 11, while difficult to evaluate, 
appeared to be without any gross harmful effect in terms of weight gain and nutrient efficiency. 

Williams (ref. 22) reported that BD is probably metabolized to beta hydroxybutyric acid 
and then excreted via the kidneys. The results of this study did not appear to support this con­
tention. Since no significant increase in serum or urine ketone levels was observed when BD was 
fed, BD apparently is not metabolized via the ketone bodies. 

Further support for this concept can be obtained from the results of the other assays. If BD 
had been metabolized through lipid pathways, a decrease in liver phosphohexase isomerase ( PHI) 
might be expected as occurred when increasing amounts of fat were added to the diet. In addition, 
serum glucose and liver glycogen would be expected to respond as when fat was added to the diet. 
Since the ch.mges, with the exception of liver glycogen, were opposite to those observed with 
increasing dietary fat, BD is probably metabolized through some portion of carbohydrate metab­
olic pathways rather than through those of fat metabolism. Within this context, the possible in­
creases in liver glycogen with increasing dietary BD may be explained on the basis that the feed­
ing of BD results in a net synthesis of glycogen. 

The marked decrease in serum cholesterol with increasing dietary BD cannot be explained 
at this point. Whether this represents an inhibition of liver cholesterol synthesis or an interference 
with serum transport is not known. 

A final comment should be made of the anomalous behavior of the animals fed the diets 
containing 50% fat. In the assays for PHI, glucose and glycogen, these animals consistently 
demonstrated a response opposite to what might be expected . Although these resp<;nses probably 
represent an artifact of the experiment, they are being reexamined to determine their validity. 

There is no question, therefore, that the feeding of BD at levels of up to 20'7o of the diet (at 
least ) results in no gross deleterious effect in terms or nutrient utilization and weight gain. Further­
more, the feeding of BD can apparently supply at least 6 kcal!g resulting in a net increase in 
caloric density of the normal ration. In addition, there apparently is no increase in serum and 
urinary ketone body levels when BD is fed , thus demonstrnting an increased usefulness for this 
compound as compared to fat. Metabolically, BD is apparently not metabolized through lipid 
pathways, since its effect on PHI and serum glucose resembles those of carbohydrate rather than fat. 

THE METABOLISM IN VIVO OF 2,4-DIMETHYLHEPTANOIC ACID 

lntrocludion 
In a previous report ( ref. 1) an argument was presented which demonstrated that most 

physiologically practical diets of high caloric density would consist of 75'/0 or more of fat. Prior 
to the incorporation of large amounts of fat into a ration, either the accumulation of ketone bodies 
must be prevented or that the rate of acetate production must he controlled or that fatty acids be 
fed which are not metabolized to acetate. It was further postulated that it may be possible to 
design a fatty acid that, upon beta oxidation, would be metabolized to propionate rather than 
acetate. This, in effect, would avoid the difficulties encountered in high fat diets by restricting 
the production of ketone bodies. 

To initiate the present study, it was decided to synthesize a multimethylated fatty acid , 2,4-
dimethylheptanoic acid ( DMHA ), and study its metabolism to determine if this hypothesis is 
correct. 

The synthesis and initial toxicity studies of this compound haw been previously reported 
(ref. 2 ). The present report is concerned with a study of the metabolism of 2,4-dimethylheptanoic 
acid labeled with C 14 in the alpha methyl group. For purposes of control and comparison, propio­
nate-3-C14 was also studied. 

10 



Experimental ProcedurH 
Young male Sprague-Dawley derived (Charles River Breeding Laboratory ) rats were used 

in these studies. Prior to the time of the experiment, the animals were housed in individual, 
wire bottomed cages, under conditions of controlled light, temperature, and humidity. 

The test compounds ( DMHA and propionate) were incorpora ted into agar gel diets. Tl1e 
composition of the diet is given in table VI. The dry ingredients (with the exception of the vita­
min mix) were weighed and premixed by hand. The test compound was dissolved in the corn oil 
and added to the dry mix. The agar was melted in boiling water and then added to the other in­
gredients while mixing rapidly. Mixing was continued until the diet had cooled sufficiently for the 
addition of the vitamin mix and choline chloride. The mixture was then poured into shallow pans 
to set. 

Animals were offered the test diet containing the non-radioactive test compound ad libitum 
for an initial adaptation period of approximately 3 days. Following this period, the animals were 
fed by offering the Ji.:'• for 2 hours each morning until they had been trained to consume their 
daily ration within this period. The training period normally took from 2 to 3 weeks. At the end 
of this time, the average daily food consumption was from :25 to 30 g. 

casein 
sucrose 
dextrose 
dextrin 
salt mix w• . 
vitamin mix I 
choline Cl (50% solution) 
agar . 
corn oil 

TABLE VI 

Diet 

test compound ( DMHAI or propionate§ ) 
water 

•L. G. Wesson, Science 75 339 ( 1932 ). 

Crams 

22.0 
12.2 
24.6 
12.3 
4.0 
1.0 
0.4 
3.5 

19.8 
0.2 
100 

!Vitamin mix supplies the following per 100 gram' dry dic•t : vitamin A, 300 
I.U.; vitamin 0 , 30 I. U.; vitamin E, 2.5 I.U.; vitamin K, 0 .5 mg.; thiamine 
HCl, 1 mg.; rihoflavin, 2 mg.: niacin, 5 mf.( .; ascorbic acid. 20 mg.; pyridox­
ine, 1 mg.; para amino benzoic acid , 10 mf.(.; calcium pantothenate, 5 mg : 
folic add, 0.2 mg.; inositol, 20 mg.; hiotin. 0 .05 mg.; vitamin 8 1 ~ · 0.005 mg. 

IDMHA = 2,4-dimethylhcptanoic acid. 
§Sodium propionate-3-CH wa' purchased from New England 1'\udear Cor­

poration, Boston, Mass. 

Animals were selected by weight for the metabolism studies. All animals were weighed the 
morning of the experiment prior to feeding. The animals selected for the test were placed in all­
glass metabolism cages suitable for the collection of respiratory carbon dioxide and the separation 
of urine and feces. After an adaptation period of 1 hour, the animals were fed 20 g of diet con­
taining the radioactive test compound. General experimental details are given in table VII. The 
animals tested for 48 hours were re-fed 20 g of non-radioactive test diet at 24 hours. The specific 
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acfivitv ol the propioiialc was 144,(XX) di.sintcgration.s per min./mg (dpm/rng) i-alculuted as [)r()- 
pioiin .uid   1 he sjvi ifu  activity oi the DUMA was 5(),(XX) clprn/mj». 

Hfspiratory tarhon dioxide \\.is (ollcctcd as follows. Dry, carlxiii dioxide free air was pulled 
llunuuh the individual cages into a solution of (■thaiiola'iime-metliylrellosolve (1:2) (ref. 23). 
Tile an u.is r(•dried OUT anhvdrons ealcium sulf.ite before passage into the ethanolamine solution. 
The eollet tion cffu iency of tarl-on dioxide of this procedure has Ix-en calculated to IM- 99.5%.' The 
total volume of ethanolamine solution used for a collection period was 10 ml for 1 hour or less, 
and 7.) ml per hour for collection periods greater than 1 hour. 

1 (,). Hn^crv MIT, piTMin.il i umimiiiii .itiiin, I9()2 

TABLE VII 

C.cru'ral Experimental Detail 

Ainiii.il Weight, ( . ii]i|'. njii.l Duration of Spilled 
No.* K^l^. Tt-sfctl K)i|XTiinciit, hrs. KCKKI, % 

1-12P HX) propionate 12 4.(K) 
2-12P 192                          " 12 6.75 
■i-^P m                         " 12 0 
5-LSI' 180                           " 48 0 

10-48F 18.3                           " 48 0 
5-12D 207 DMHAl 12 0 
7 121) 225                          " 12 12.82 

1Ü-12D 223                          " 12 2.45 
4-48D 198                           " 48 0 
6-48D 198                           " 48 6.55 

"In llii MMII rrniili i\iil in IIKM slmlics, llic (.rst niimlMr refers tu (he individual animal, while 
the MI mill rininliei refers to itie ilnralion of the ex(x-riineiit llie letter refers to the eomixiiinil 
tested 

IDMII \      1A dun. thylheplanoK  a( id 

The ethanolaui'iie solutions were refrigerated immediately alter use- in the collection of car- 
hon dioxide Since these solutions darken very rapidly UJKIII standing, alicjuots were taken as stHin 
.is possible hu (letci iiiiii.itiiui ol radioactivil) Radioactivity m the carlxin dioxide was determined 
in a liiik automatK Iri-Clarb i,i(|iii(l Scintillation (ioiinicr using High Voltage tap 7 (1040 V), 
.nid discriminator settings of 10 and 1(K) V. A 3 ml aliquot of the ethanolamine solution was 
pipetted into 2(1 ml luu potassium glass vials, 15 ml of scmtillalor solution-' was then added The 
soliiliiuis were mixed uell li\ hand and placed in the free/er at - 1 '(' for at I« 30 minutes Ivfore 
count mg \ II samples u ere counted to at least 10,000 counts and the counting efficiency determined 
l)\ recounting u ith an added internal standard ( loliiene-C'", New Kngland Nuclear Corp , Boston, 
Mass i 

letes and spilled food were separated by hand x^ith a pair of forceps This is feasible for 
.IU.II uel diets except when the animal (rumbles the diet with its paws. With this technique, the 
amount ol spilled food can be determined with an accuracy of greater than W7« However, the 
small amount of actixifx found in the fetes is greatly affected by traces of spilled food or by 
( mit.mini.IIKm with urine, 

■'  Inimiii  metln 1( ellosoKe   J   I. conlainiin; (I 557(  I'l't) ( 2.5 diplienylo«a/iile ) 
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The ii'vvs and spilled food wt-rc hydroly/ed witli liydroc liloric acid on a steam hatli for 2 

hours, iienfralized with saturated sodium carbonate to phcnolphthalein endiioint, then centrifu^ed 

at 2<XX) rpm foi 5 minutes. The insoluble material was washed with akohol and water, and the 

washings added to the supernatant. Th.; supernatant and washings were then made up to volume 

with alcohol in a 5()-ml volumetric flask. A 2-ml aliquot w .s taken lor counting, and 15 ml of 

scintillator solution (ref. 2-1) was added. If necessary, the sample was decolori/ed prior to the 

addition of scintillator solution as follows: to the 2-ml aliquot in the counting vial was added 

0.2 ml of 30% hydrogen peroxide, and the solution heated in the lightK closed vial at SO (.' ior 

fj hours. 

At the end of the 48-lunir experiment the animals were killed by decapitation and the blood 

collected. The stomach and the entire intestinal tract were excised and their contents washed 

out with distilled water. In the case of the 12-liour experiment the stomach and intestinal con- 

tents were washed into separate vessels. The radioactivity in these samples was determined in a 

manner identical to that employed  for feces and spilled food 

The urine was collected at the end of the experiment. Alter heating in a boiling water bath 

for 30 minutes, and centrifuging to remove precipitated protein, the urine was made up to a con- 

venient volume. A 2-ml aliquot was then decolori/ed with hydrogen peroxide and counted as pre- 

viously descrilM'd for feces and  spilled food. 

The urine collected from animal number 5-121) was concentrated to a Miial! volume in a 

rotary evaporator under reduced pressure, acidified with sulfuru acid to pll 1 and continuousK 

extracted with ethyl ether for 18 hours. The ether extract was dried oxer anhydrous sodium sulfate. 

it was then concentrated to a volume of 10 ml xvith a stream of dry nitrogen The radioactixitx in 

a 1-ml aliquot was determined by counting with 10 ml of scintillator solution ' The remaining 9 ml 

xvere concentrated to a volume of 1 to 2 ml and esterified with dia/omethane. 

The urine of animals 7-!2b) and 10-121) were comhined and reduced to a small volume in a 

rotary evaporator under reduced pressure. Ten ml of \07< potassium hydroxide were added and 

the resulting solution extracted with petroleum ether to remoxe free neutral lipid The aqueous, 

basic solution was then heated on a steam bath for 1 hour, brought just to dryness in a rotarx 

evajiorator, acidified to pll 1 and then continuously extracted xvith ether for 18 hours The ether 

extract was then treated as described above for the determination of radioactixitx and esterifica- 

tion of acidic material. 

The urine of animals '1-481) and 6-481) were prepared in the same manner .is the mines of 

animals 7-121) and 10-121), with the exception tli.it the ether extraction was performed in a 

separatory funnel  (batch extraction), 

A synthetic mixture of carboxylic acid vas studied in order to test the efficacy oi the method 

to esterify and separate by gas cbromatography the types of carboxylic acids expected in ;mne. 

The esters that have Ixen studied are given in lahle VIII Fumaric acid and cv-keto acids xvere 

not esterified by this procedure. Gas Chromatographie separation of all of the esters listed in table 

VIII has been achieved on two different columns. A 1-meter column containing l()rI (xv/xv) Carbo- 

wax 4000 on Johns Manville Chromosorb 1', 60/80 mesh, at 150 (' brought about the separations 

shown in table IX All the compounds studied xxilh the exception of dimethyl glutarate and di- 

methyl 2-mefhylglutarate were separated  under these conditions. 

Improved resolutions and specifically improved separation of the lower boiling esters was 

achieved by using a I-meter, 10% diethyleneglycol succinate (l)K(iS) on 60 ().") mesh, acid washed 

Chromosorp I' column as I(X)"C (table X) Resolution of higher boilmg compounds than those 
3 Tohu-n- eontaimiiK (MM';;  I'OPOI' and 0.4% I'l'O 
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shown in table X could be achieved on the DEGS <.'Oiumn at higher temperatures than 100°C. 
In general, the resolution of a group of compounds in a particular boiling range was better 
achieved on the DEGS column than on the Carbowax <.'Oiumn. 

TABLE VIII 

Compounds Studi~;. Juring Development of a Gas CIJromatograpliic Method for Analy~ • ., 
of Methyl Esters of Certain Mono- and PolycariJoxyllc Acids 

Monocarboxylic Esters 

Methyl3-hydroxybutyrate 
Methyl4-methylheptanoate 
Methyl 2,4-dimethyl-

heptanoate 

Dicarboxylic Ester' 

Dimethyl oxalate 
Dimethyl malonate 
Dimathyl glutarate 
Dimethyl adipate 
Dimethyl sebacate 

Dimethyl2-metylmalonate 
Dimethyl 2-methylsuccinate 
Dimethyl 2-methylglutarate 
Dimethyl malate 

TABLE IX 

Gas Chromatographic Separation of Certain Methyl Esters on 
the Carbowax Column at l50°C 

Tricarboxylic Esters 

Trimethyl citrate 

Ester n clative Retention Time• 

Methyl 2,4-dimethylheptanoate 
Dimethyl oxalate .. 
Dimethyl 2-methylmalonate 
Dimethyl malonate . .... 
Dimethyl 2-methylsuccinate 
Dimethyl succinate .. . 
Dimethyl glutarate .. . 
Dimethyl 2-methylglutarate .. 
Dimethyl adipate 
Dimethyl 2-hydroxysuccinate ... 
Dimethyl sebacate 
Trimethyl citrate .. 

• Relative to methyl succinate ( t , = 4.1 min.) 

0.378 
0.440 
0.475 
0.598 
0.890 
1.00 
1.49 
1.49 
2.48 
5.15 

14.-4 
24.8 

The esterfied urine extracts were chromatographed on the DEGS column at l00°C. Under 
these conditions the latest peak emerged at about 75 minutes. The entire effiuent of the chromato­
graph was trapped dire<:tly in the counting vials in toluene-PPO-POPOP scintillator. Individual 
peaks, or. where this was not possible, groups of peaks, were also trapped in this manner for de­
termination of radioactivity. 

\Vhen individual peaks on the DEGS column contained significant amounts of radioactivity, 
they were trapped in 1-ml conical centrifuge tubes at liquid nitrogen temperature. This trapping 
process was repeated until sufficient material had been colled ed for infrared analysis. 
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TABLE X 

Cas Chromatographic Separation of Certain Methyl Esters on 
the DECS Colums at 100°C 

Ester Relative Retention Time• 

Dimethyl oxalate.. ···--· _ . _______ _ 
Dimethyl 2-methylmalonate __ _ 
Dimethyl malonate.... __ __ _ . 
Dimethyl 2-methylsuccinate . 
Dimethyl succinate ... __ ________ __ __ 
Dimethyl 2-methylglutarate __ . 
Dimethyl glutarate.... ... ........... . 
Dimethyl adipate ...... . 

• Relative to methyl succinate ( tr = 22.4 min.) 

0.383 
0.461 
0.651 
0.804 
100 
1.49 
1.68 
2.75 

Immediately following decapitation, approximately 500 mg of Ji,·er was removed from the 
animal, weighed as quickly as possible, and then immersed in 5 ml of 307o ( w / v ) potassium hy­
droxide. Glycogen was then isolated by the method of Good, Kramer, and Somogyi (ref. 13 1 . 

The isolated glycogen was converted to glucose by hydrolysis with 0.6 N hydrochloric acid in a 
boiling water bath for 2 hours. Glucose was then determined colorimetrically in the Technicon 
Autoanalyzer by measuring the extent to which ferricyanide was reduced to ferrocyanide. This 
method gave a linear relationship between optical density and glucose over the range 50 to 2000 8 
of glucose. Radioactivity in glucose was determined by counting a 1-ml aliquot of the glycogen 
hydrolyzate in 15 ml of scintillator solution4 at High Voltage Tap 5 (960 \' ) . 

The washings and supernatants collected during the isloation of glycogen were combined 
and extracted with petroleum ether ( bp 30-60°C ) to isolate nonsaponifiahle material. The petro­
leum ether was evaporated with a stream of dry nitrogen. The residue was then redissolved with 
2 ml of petroleum ether, transferred to a counting vial, and 10 ml of scintillator solution'' added. 
Counting was done at High Voltage Tap 4 ( 880 V ). 

The extracted alcohol-aqueous phase was acidified with concentrated hydrochloric acid to 
pH 1 and re-extracted with chloroform-heptane ( 2:1, bottom phase ) to remove fatty acids. The 
extracted fatty acids were taken to dryness overnight in a vacuum dessicator. The residue was 
redissolved in petroleum ether and counted as described above for nonsaponifiable material. 

The upper aqueous alcohol phase was adjusted to a convenient volume, and a 2-ml aliquot 
counted under the conditions described for fece s and spilled food . 

Following the removal of a section of liver, the left epidydimal fat pad was removed, 
weighed, and placed in 10 ml of chloroform-methanol (2 :1). The fat pad was allowed to remain 
in the chloroform-methanol, with occasional agitation, for 24 to 48 hours. The solvent was then 
decant('d , and the process repeated twice with fresh 5-ml portions of solvent. The combined ex­
tracts were brought to dryness with a stream of nitrogen, and then counted as described for liver 
fatty acids. 

The remaining carcass, including the washed stomach and intestines, and blood, were stored 
at -40°C until analysis. The carcass was then freeze-dried in the MIT Pilot Plant Freeze Drier. 
The dried carcass was weighed and then dissolved in 2 liters of 15o/o ( w / v) potassium hydroxide 
4 Xylene:dioxanc:cellosolvc = 1:3 :3, contain in!( 1 '7o PPO, 0.5% PO POP, and 8 .0 o/o naphthalene. 
5 Toulenc containing 0.04 o/o POPOP and 0.4% PPO. 
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in 40o/c ( v/v) ethyl alcohol. A 25-ml aliquot of the carcass solution was acidi6ed to pH 1 with 
concentrated hydrochloric acid, and extracted with chlorofonn-heptane ( 2: 1) to remove fatty 
acids. The activity in the fatty acids was determined as described above for liver fatty acids. 
A 2-ml aliquot of the remaining aqueous phase was decolorizcd with hydrogen peroxide and 
counted as described for feces and spilled food. 

Results 
The cumulative percent recovery in respiratory co:! of C 14 activity ingested from propionate 

and DMHA is shown in 6gure 3. Since the number of animals in each group was relatively small, 
the entire range of values is plotted at each point rather than the mean and standard error. 
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As illustrated in figure 3. the time required for 50% conversion of DMHA to CO:! is 6 hours 
longer than that required for propionate c:onversion. At 48 hours 20% more prop1onate than 
DMHA had been converted to CO:!. 

The rate of appearance in respiratory C02 of ingested activity from propionate and DMIIA 
is shown in figure 4. These data were calculated hy dividing the total activity accumulated in a 
given collection period by the number of hours i:1 that L'OIIedion period. The values thus ob­
tained were plotted at the time corresponding to the middle of that collection period. In 6gure 4, 

16 



ihr late ol oxidalion ni DMIIA to (.() is iinli.ills slouci lli.in llial of priipionatc The rapid 
decrease in rale (if oxidation of propinnale ,il approxmiateK fi hours <Keiirre<l in each animal 
testcl   DMIIA also showed a decrease in rate ol oxidation to CO, at   10 to  11  hours   The overall 
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FK.   1   Hale of Appearance of Invested \etivit\ in Hespirafory (X)-.. 

IAHI.K X! 

Surrwuiry of ihr Hrrot en/ af Hadumclii i/r/ 
fruni I'rofiuinu Ac i</  i ( " ' 

Animal Ni 
1   \2\' i l.'.l' 5-4«!' 10 iW 

Stomach contents 12.7^ 
Intestinal eontents 0 1 fi 
Hespiratorv CO, 12 !X) 
Urine 2.30 
l-Vccs* 1.2.5 
Total ('areass iapid Ti !J7 

I ota! (larcass Ndiilipid 2fi V) 
Tissues rcmovcti for analysis 1 02 
Meeovery 7< of 
adriiinistered radioactivity 'D 21 

1217 
0 32 

T) 25 
2.56 
1 (il 
r. 16 

2.3 25 
1 U 

91 Mi 

9 77 
0 40 

45 90 
42 
.015 
2S) 
.24 

0 8.5 

.S.5.89 

2 

0 
4 

0.29 
H2.(r7 
2.50 
0.34 
4.42 

15 a5 
0.24 

105.21 

0.21 
H.30.3 

2.51 
0.17 
5.2) 

15.6.3 

026 

107.10 

* Kctt's d.it,i v .it id only for total MI < >\ (-r\   tlur to (init.iiinii.it ion li\  uriDr ano spills I f - •• I 
I \'aliirs air ^ivni in [^Ttint of invest<iI at f i\ it \ 
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Stomach contents 
Intestinal contents 
Respiratory CO~ 
Urine 
Feces 
Total Carcass Lipid 
Total Carcass Nonlipid 
Recovery % of 

TABLE XII 

Summary of tl1e Recovery of Radioactivity 
from 2,4-DimethyUleptanoic acid-2-methyl-C14 

• 

Animal No. 
5-120 7-120 10-120 

25.29 5.70 8.83 
4.97 6.71 5.74 

30.00 34.17 31.59 
11.52 r 14.26 

0 v.V5 O.o75 
10.86 14.21 16.30 
19.86 21.35 16.61 

administered radioactivity 102.50 99.21 93.41 

•values are given in percent of ingested activity. 

4-480 6-480 

0.21 0.32 
63.99 59.59 
21.58 24.23 
1.60 1.01 
7.10 6.57 

15.10 13.56 

109.58 105.28 

drop in rate, however, was much less, and the rate of drop slower than that obtained for propionate. 
The amount of food spilled by each animal is reported in table VII as percent of the amount 

fed. The amount spilled food is generally small but quite variable. 
The data for feces, stomach contents, and intestinal contents are given in tables XI and XII. 

In the experiment with propionate, the feces were ~ontaminated with urine and spilled food. 
These data, therefore, are valid only for calculations of total recovery. Recovery from intestinal 
contents indicates that propionate was much more rapidly absorbed than DMHA. This may be 
due to the relative water solubilities of these compounds. Greater variability was observed for 
DMHA than for propionate in the amount of activity remaining in the stomach 12 hours after 
feeding. The rate at which food is consumed can significantly affect stomach emptying time. 

All of the results reported in this investigation have been corrected for spilled food and are 
reported as percent of ingested activity. 

The fraction of ingested activity that appeared in glycogen, fatty acids, and aqueous soluble 
material of liver tissue is shown in figure 5. An insignificant amount of radioactivity was found 
in the non-saponifiable fraction of liver tissue. At 48 hours, there appears to be little significant 
difference in any of these tissue components between propionate and DMHA. Although activity 
in liver fatty acids at 12 hours is slightly greater for DMHA than for propionate, it is not known 
how much of this may be due to unmetabolized DMHA. Furthermore, the overall incorporation 
of activity into fatty acids is quite small for both propionate and DMHA. 

Acid-2-Methyi-CJ~ in Lipid-Soluble and !'\on-Lipid Soluble Fractions of Rat 
The percent liver glycogen and the ratio of the specific activity of liver glycogen to the 

specific activity of the test compound is given in table XIII. The magnitude of this latter ratio is 
similar for both DMHA and propionate at both 12 and 48 hours. There is probably no statistical 
difference between propionate and DMHA in this respect. Although, at 12 hours, the amount of 
liver glycogen is greater for propionate than for DMHA, all of the values obtained are within 
the normal range for young adult rats. 

A significantly greater amount of activity was found in the urine of animals fed DMHA than 
of those fed propionate (tables XI and XII ). 

The nature of the activity contained in the urine of animals fed DMHA, as percent of total 
activity in urine, is summarized as follows : 
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continuous ether extraction 

not saponified 
( unconjugated ) 

57.5 

0.75 

0 .70 

0 .65 

0 .45 

0 .30 

~ 0 .20 
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w .... 
c./) 

w 
(!) 48 hours 

saponified 
(conjugated + 
unconjugated ) 

93.3 

12 hours 

Key: 

batch ether extraction 

saponified 
( conjugated + 
uncoujugatcd) 

85.5 

2,4- dimethylhepto noic 
acid 

propionic acid 

I range cf votur s 

48 hours 
z LIVER GLYCOGEN LIVER AQUEOUS SOLUBLE 

0 . 16 

0 . 14 

0 . 12 

0 . 10 

0 .08 

0.06 

0 .04 

0 .02 

o~~~~~--~~~~------------~~~--~~~~ 
12 hours 48 hours I 2 hours 48 ho;.~rs 

TOTAL LIPID, EPIDYDIMAL LIVER FATT.Y ACIDS 
F'AT PAD 

Ftc. 5. Percent Ingested Activity from Propionate-3-CH and 2,4-Dimethylheptanoic 
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(.'•as ilimiiialngraplm   utialysi.s i f the cstcrilicd urine extracts iiulicalcd that tlie peaks in llie 
(.■onjiigatttl aiui iu)iKt>i))iigal(*<l  fractions were sinnlai    l)iit   not   identical     1 liree   peaks   were  of 
mucli ^;r»'.iter mtensilv   in  tlie extract  of  sapomlied  nrnu'  th.in   in   that   ol   non.sa|>omfu>d   urine 
Tins difference in inlensils   accounted  lor  mosl  of   tlie difference  in  activity   reco\ered   l)\   ether 

extraction 

rAHI.K  Xili 

HaduxK lu ill/ in (.'/(/( o^'en /ror/i Vropunuilv und DMIIA* 

Aniiii.il Nc ( XIIIIIMIIIIIII   Irsli«! I  iM-r niycii^rn 
^|l   .H I   uly^'U'"'1 

S|)    .|i I    M>III|M    111(1 
10- 

1 12^1 
2-121' 
■\-\lV 
5-48F 

KM« I' 
5-121) 
7121) 

1(M2I) 
4-1«I) 
fM«l) 

I'ropionaN 5 T) 

DMIIA' 

5.15 
5 «2 
2.52 
l.«5 
1 (M 
3.0« 
3 12 
2..36 
2.17 

O.iJlo 
0 715 
0 777 
0 165 
0.067 
1.290 
1 060 
0.66-1 
0 143 
0.090 

'DMIIA     2.4 (liiii<'l)i\l)ir|il,m<>i<  .K nl 
Irlir \1 or W in tin   Aniin.il NIMIIIM r rrfrrs In tin   (jur.ilioii nl the rx|M iiuiinl in lumrs 

When compared to the retention volumes ol other dicarl>oxyli( esters on a l)K(iS column, 
tlie retention volumes ol two of these peaks (A and \\, li^nre fi ) indicated thai these fractions 
were in the Ixiilm^ ranne ol a (.'7 ('.icarlxixylic (Innethyl esli 1 \ and II aicoimled lor 57 2.7' ol 
total etlwr extraclahie activity 1 he third peak ((,', linure 6) uave .1 retention lime winch did 
not corr 'SIHIIKI to any dicarlxixy IK ester, and ronlamed 7 \'< ol the total ether exlraetahle ac 
tivity The [x-ak corntsjxmding to dimethv I snccinale ( onlained 2 i' i ol the total ether exlraetahle 
activity These |X-ak.s were the only ones directly investigated, hei.mse the) repr('sciite<i the major 
[Xirt'on ol urine activity, and w-re present in siilKeient  (|iiantit\   to enahle further investigation 

No |X'ak.s could l>e recttgm/etl wh» h correspond to the diastereoisomers ol DMIIA I lowever, 
the early part ol the chromato^ram uas (juilc crowded due to the presence ol the mam low 
ix.ilmi', esters present in estenlied iirm<- extracts A hatch ether extraction, which was performed 
on the i-omhiiK-d urine of annuals 4 4«D and 6 IM), would yield an extract which would favor 
the more lipid soluble material in nri'ie Sue< inic acid, lor example, can only he completely iso- 
lated with 18 hours of continuous ether extraction This hatch extraction greatly reduced the in 
tensity and nuwilx-r of the [x-aks m the early part ol the elironialo^ram ( ej;, lactate, oxalate. 
^Ivcolate, etc), while no effect ( mid Ix- ohservcil on pe.iks \ H, and (! Si^iiilic .inlK , although 
DMIIA is known to Ix- very readily extracted with ether, no peak lor the melhsl estei of DMIIA 
could  Ix- observed  in the eslerified  ball h extrai I 

The infrared sjxt-tra of jx-aks A and  b were essentialK   idi-ntual, Ixith as |)iirr licpiids and 
in the carlxin telrachloride solution    Tins evidence, and the fact that  no peaks lor the diastereo 
isomers of DMIIA wert- detected indicated thai peiks A and  H mi^hl  he diastereoisomers    I he 
sixflra of A and  H show«-<l conclusively that  these coiii|xiiinds were esh-is    The intensity  of llu- 
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carbonyl band at 5.75 microns to the C-H band at 3.35 microns was similar to that found in 
dimethyl adipate and suggested that these compounds were dkorboxylic esters. The presence 
of a band at 7.25 microns indicated the presence of methyl groups in peaks A and B. Further­
more, the band intensities at 6.85 microns for C-CHa and at 6.96 microns for 0-CHJ were equal, 
indicating that the same number of methyl groups and methoxy groups might be present in each 
compound. On the basis of the above evidence and review of spectra of known esters, A and B 
were tentatively identified as diastereoisomers of dimethyl 2,4-dimethylpimelate, eg, Formula 1 
below. 

Formula 1. CHaOtCCH:!CH2CHCH2CHC02CHa 
CH3 CHa 

The mass spectrum• of B indicated fragment peaks typical of dicarboxylic esters (ref. 25 ). 
Although the most easily identified peak in a mass spectrum is often the molecular weight peak 
( M, M = 216 for I ) , under the conditions used no peak for M was observed because of the high 
probability of bond rupture found with esters. The peak at highest mass to charge ratio obtained 
was at m/ e 185. This peak corresponds to loss of methoxy from the ester group and is normally 
the highest peak observed in the spectra of these compounds. The presence of fragment peaks 
at m/e 74 and m/ e 88 as well as at m/e 142 ( M-74 ) and m/e 128 ( M-88 ) is further proof of 
structure I in that tht!se peaks are typical of the rearrangement peaks normally observed in 
the mass spectra of methyl esters and a-methyl substituted methyl esters. All of the major peaks 
in the mass spectrum of B would be expected if the c:ompound were dimethyl 2,4-dimethylpimelate. 

The specific activity of peaks A and B, on a volumetric basis, was 90% of the specific activity 
of DMHA. 

The infrared spectrum of peak C was remarkably similar to the infrared spectrum of the 
mf' ·· ; ) ester of DMHA with respect to the position of the bands in the region from 5 to 9.5 microns. 
The spectrmn showed that C was a monomethyl ester of an alkyl carboxylic acid. The relative 
intensities of the bands for C-CH3 and O-CH3 were similar to that obtained from the methyl 
ester of DMHA and indicative of the same type of chain branching. One of the most character­
istic bands in the spectrum of peak C was the band in the region of 2.85 microns. This band did 
not correspond to a carbonyl overtone of the band at 5.76 microns and is at a position where a 
hand for an aliphatic hydroxy compound would be expected (ref. 26 ). Further proof that peak C 
is a hydroxy compound is afforded by the fact that the hand in the region of 2.85 microns is dis­
placed to higher frequencies upon dilution. Peak C wa!> tentatively assigned the structure of 
methyl 3-hydroxy-2.4-dimethyl heptanoate formula 2 below and based on the evidence described 
above. 

Formula 2. 
OH 

CH:.CHtCH2CHCHCHC02CH:• 
CH3 CH:~ 

There was not enough material present to obtain a mass spectrum of this compound. 
The fraction of ingested activity that appeared in the total lipid from epidydimal fat pad is 

shown in fig. 5. There is no sign:ficant difference between DMHA and propionate at 12 hours. 
\\ hile the amount of activity in the fat pad at 48 hours is slightly higher in animals fed DMHA 
than in those fed propionate, this difference is small and may or may not be significant. 

The residual radioactivity in the lipid-soluble and aqueous-soluble fractions of the carcas~ 
are given in tables XI and XII. In addition, the total recovery of radioactivity from all fractions 
is also given. The activity in the tissues removed for analysis is included in table XI for the 

*The rna's spcdrum was obtained on a CEC21- IJO Mass Spcdromcter hy the Chemistry Department, M.I.T . 
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purpose of calculating total recovery of the r .~dioactivity admi.1ister<..-d as propionate. In the case 
of the experiment with DMHA ( table XII , this figure was ' )mitted because it constituted an 
insignificant fraction of the total. 

At 12 hours, the total activity in carca~ ' lipid is greater for DM HA than for propionate, but 
the values for the two test compounds are similar at 48 l ·.,urs. At 12 hours in part icular, it is not 
known how much of this lipid-soluble activu:> : .. ..iuc to unmetaholized DMHA. Although the 
activity in the nonlipid-soluble fraction of the carcass is greater for propionate than for DMHA 
at 12 hours, the difference is smaJJ. It is questionable whether the difference is significant. 

In aJJ but one case ( 4-12P ) the recovery of administ":-t.-d activity is 100± 10~~. In general, 
the duplication of measurements reported in this study were within 1 ur 2'/c of the tabulated 
values. The greatest inherent errors are present in the measurement of activity in nonhomogeneous 
systems, such as feces, and highly quenched systems, such as occur with saponification of the 
entire carcass. It is not at aJJ well understood, however, where the major source~ of error occur in 
calculating the re<.'Overy of the administered activity. 

Disc union 
It was the goal of this study to investigate the hypothesis that 2,4-d imethylheptanoic acid 

( DMHA ) would be metabolized by ,8-oxidation to propionate moieties. This process would yield 
a net synthesis of glycogen. Therefore, this fatty acid would he, in effect, a nouketogenic soun:e 
of energy. 

The oxidation of the a-methyl carbon of DMHA to CO~ was less complete and occurred at 
a slower rate than did the oxidation of carbon 3 of propionic acid. Since the carboxyl groups of 
even numbered short chain fatty acids are oxidized to CO~ at essentially the same rate and to 
the same extent ( ref. 27 ), the oxidation of DM:-IA apparently is hlocked to some extent. 

The appearance in urine of a significant amount of the ingested activity of DMHA is further 
evidence that this compound offered some resistance to oxidation. The sum total of act ivity in 
urine and C02 is approximately the same at both 12 and 48 hours for both DM HA and propionate . 
This may be interpreted to mean that the rate of metaholism of hoth compounds is equivalent. 

It is difficult to unambiguously interpret the data ohtained in the examination of urine of 
animals k-d DMHA. The bulk of activity in the urine could he accounted for by w-oxidation of 
DMHA to 2,4-dimethylpimelic acid ( DMPA ). The specific act ivity of D~IPA was such that 
DMHA apparently was its direct precursor. DMPA has not been previously identified as a com­
ponent of rat urine. Thomas and Weitzel ( ref. 28 ) have shown that d icarboxylic a<:ids are not 
readily metabolized in the intact animal. The dicarhoxyli<: acids which arise in vivo are generally 
the product of w-oxidation of acids of med ium chain length ( ref. 2£l \ , a classification whi<:h 
would certainly include DMHA. Although the fact that any w-oxidation of DM HA took pla<:c 
is indicative of some hindrance of ,8-oxidation, the extent of w-oxidation may he less in a longer 
chain acid. While Tryding and Westoo ( ref. 30) observed a small amount of w-oxidation of 
a-methylstearic acid to a -methyladipic and a-methylsu<:cinic a<:ids, a considerable amount of 
degradation of the cl ~ chain was requisite to th· formation of these d icarboxylic acids. It is 
not known by what process this degradation occurred . However, the initial step in this pro<:ess 
may be assumed to be the oxidation of the terminal methyl carbon atom. Thus, it might be 
possible to interpret the extensive excretion of the w-oxidized product of DMHA as a function 
of the chain length of this acid. Any form of suhstitution on the main carbon chain may possibly 
afford some hindrance to ,8-oxidation. 

Further proof of the hindrance to ,8-oxidation offered by the alkyl substituted structure of 
DMHA is the tentative identification of the P-hydroxy derivative of DMHA in urine. The 
process of ,8-oxidation involves a number of steps and intermed · ates prior to the shortening of 
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ihr (.ii Ixin i IMIII |iv 2 rarlxMi atoms ()ii<-i)f (hcsc iiilcniKKli.ilcs is llic /ilisdrnw dcnvalivc nl 

(lie uri^iri.il l,ill\ .KKI While llic ruirnuil tiu'talxililc /i livdrow l)iil\ i.ilc lias dl ((nirsc IM-CII oh 

served m urine, llieie is no previous repoil in the lileralnre ol llie oicnrrenec ol a /ilivdroxv 

deru alive nl a latts .Mid m urine 11 ie conversion ol /i liwlmw I ),VII IA to /i kein DMIIA mas 

IH' niie ol the steps a I w Im h a'k\ I siihstilntion ol the mam earl>on c liam stern all) hinders at lach- 

melit   of   DMIIA   to   the  en/vme   suilaic 

The sleru hindianie to /j-oxidation presented li\ the tsso inellu! groups ol l>N!ll\ is riot 

nearly as extensive as that lound with .aids donhK snhstituted on the it earlxin atom lr\din^ 

and WesliKi ( rel K) i reported miK !'• eonviTsion i:l the i.iilxiw uronp ol 2,2 diuietlis Islearn 

and   to ( arlniii  dioxi Ie 

It is not mulerstood vshether the u^oxidation ol l)MII\ i> related to its sli^lil toxi(il\, anil 

therefore, a detoxu atmn reaetion TnxKities ol an mill i nl magnitude similar to that nl DMIIA 

and its SIKI'IIIII salt have heeii nhseisetl for ainiost all I,ills .KKIS nl chain len^llis less than 9 

( art Min a Ion is (rel ']! ), and lor tri^lyccndcs of these fait s acids ( rel 32 I Ihcse Inxu res|)orises 

are presiimahK due In the effect of the loss iiKilccul.n weight falls acid anions on the central 

nervous systcu Since iii.l.iis short chain .u ids are commonK ctinsumc<i williont IVKICIKC ol 

toxu r: sj'.onsc, flic toxicits ol DMIIA mav he cxpi i led In lie considcrahls reduced when fed 

as part of a mixed diet However, the observe«! a» oxidation could conceivahlv lie a IICIUVK ation 

me( hanism 

Neither   DMIIA   imr   pro|)ionate   was   a   verv   effective   precnrsoi   of   fatts   acids   in   the   rat 

I'lirlheiinure, cholesterol and nons.ipomfialile material  contained   little  or   no  activity   from   these 

ioui|xiunds    \i elate   on llie oilier hand,  is  much more effective than propionate as a  pre« ursor 

of  fattv  acids  in the  rat  m  vivo    This  would  strongK   indicate that  l)\!lfA  was not iiietalHili/e<l 

directly   through acetate 

I he largest amount of activits from DMIIA m livei lissue was m ^Ivco^en and in the 

.Kjueons solulilc material I'art ol the difference hetween DMIIA and propionate in llns respect 

IIIIL;III he acconntccl for hv unoxidi/ed DMIIA DMIIA llial had not IK en mctalioli/cd would 

apjX'.u m llic fattv .KKI fraction of the livei while unoxidi/ed propionate would lie [iresenl in 

the aijiicons si ill11:lc I r.ii IiiHI The fact that little or no difference ( a i lie found hetween I )M 11 \ 

and propionate in these Ir.u tnuis at 18 hours would lend to suhstantiate llus interpretation since 

llic animals were refed the lest ((impounds at 21 liours I-urtliermore the overall III'IK lion of 

lipid solulilc .u I iv il v   in llie ( ai ( ass In mi   12 to   l.S hours is greater lor DMIIA than for prupionate 

llic (l.issK.d method of determining whethci or not a snhstance will contnlintc In a net 

svnlhcsis of L;IV O^CII m vivn has liccn to feed the snhst.mce in (jiieslron to a faslcd animal 

Smi e ai dale (.irlxin i an he incor|)oralc<l into L;IVCOKCII through the citrn .u id evele, a lu^li 

pro|xirtioii ol i din.ii In .Iv m acetate can he lound incorporated in ^lyco^cn under innditions 

where ihere is little or no nel svnlliesis of ^lyco^en, sm Ii .is in the lasted annual The extent of 

llus im i irpi ir .il II m is ^enerallv small in the fed animal ()ri the other hand prnpinnii acid is a 

direct some e i il SIK ( IUK a< n I and i an i^iv e rise to a net sv nil is is of i;K co^cn in the lasted or the 

fed annual \ coru|iarison of the net im orporation ol the 1 i .nlxm of piopionate and the a melliv I 

larlxm nl l)\lil\ into ^Ivcojieri shows thai I he ctinlrihnlinri to ^Kco^cn (.irlM.'n Irom e.u Ii of 

these compounds is approximatels llie same llie data would indicate that propionate is an 

uhli^atorv mtcriucdi.i ■ in (he conversion of DM 11 \ In i;K i n^en, i onfiriumn the hv polhesis that 

a iiiultimclliv lalcd laltv  acid can serve to hypavs the diffitnitres olitamecl  in lu^h lat diets 
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SECTION III. 

The Direct Small Animal Calorimeter 

•\n extremely sensitive rat si/e animal ealorimeter,  capahle i>(  aiilomaliealK   rei-ordiiij^  mde 

pendent  IT simullaneoii.s  direct   and   indirect   lieal   output   measnremenv.s  (or   periinls  as   long  as 

1\   lionrs    lias   Iwen   desi^ne<l,   hmlt,   and   tested      1 lie   direct   caiorimelet    has   l>ceii   tlioron^lilv 

e\aliiated   and   shown   to   he   operational,   while   the   indirect   calonmetrv   system   is   still   in   the 

experimental design  stale 

I he direct calorimeter is hased on the therm.d gradient principle o( Hen/.inger and Kil/ingei 

( rel .'V5 1 .is adapted to the use of multilhermocoiiple heat llou meters hv lluchsther el al (ici 

.'VI) In direct ealorimetry, the animal as the heal source is completely enclosed hv the heat How 

meters The heal produced hv the animal creates a temper.iliuc difference helvseen the surface 

of the heal flow meters facing the animal and the op|>osite surfaces which are maintained at 

a constant temperalnre The temper.iliire differenli.il or thermal gradient results in a response 

which is  indicative of the rate of heat energy flow  through  the  heal  flow   meters 

The indirect calorimeter system was designed lo measure the changes in oxygen and carlxm 

dioxide content  of  air  passing  ihrough  the direct calorimeter chamher. Changes in  ^as concen 

Iralion are determined hv   gas ehromatography  using  the  techiiKpie  of   firermer  and   Cieplinski 

( ref    35)   and   others    Heat   production  can   then   he   calculated   from   the  caloric   value   of   the 

oxygen  consumed  and  the  carlxm  dioxide  produced. 
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The direct calorimeter has proven to be a reliable and precise instrument. Description of both 
direct and indirect systems with main construction details are presented but the main emphasis 
has been directed toward direct calorimetry. A calorimeter flow diagram is given in fig. 7. 

For convenience in presentation the description is divided into three sections : ( 1 ) the animal 
cage, (2) the direct calorimeter and (3) the indirect calorimeter. 

THE ANIMAL CAGE 
A compact metabolism cage which allows the separation and collection of feces and urine 

was designed for use inside the calorimeter chamber (fig. 8 ). Complete construction details for 
this type of animal metabolism cage have been published by Miller et al (ref. 36). The cage is 
made of ¥4-in. mesh stainless steel wire. Separation of feces and urine is accomplished by a tri­
angular screen which allows urine to fall through into a collection pan while the feces roll down 
the screen into receptacles placed at the sides of the cage. Mineral oil can be added to the 
urine trough to prevent evaporation. 

THE DIRECT CALORIMETER 
The main components of the direct calorimeter are : ( 1 ) the air intake system which supplies 

a measurable flow of ventilating air of controlled temperature with provision to measure any 
sensible heat changes as the air passes through the calorimeter, ( 2 ) the sensible heat measuring 
chamber with supporting eqllipment, which measures heat loss from the animal by radiation, 
convection and conduction, and heating respired air, ( 3 ) the moisture adsorption equipment 
to measure energy lost through evaporation of moisture, and ( 4 ) the control and recording 
system. Each of these systems is described below: 

Air Supply and Measurement of Sensible Heat Change of V entilating Air. A constant flow 
of air is supplied to the animal in the calorimeter from a compressed air tank fitted with a 2-
stage reducing valve. Before entering the calorimeter, the a ir is passed through a combination 
filter and moisture adsorption trap, a gas flowmeter equipped with a needle valve ca pable of 
measuring air intake into the calorimeter in cc/ min., and an air temperature control bath. 

Constant air temperature is maintained by circulating the air through 114-in. od copper coils 
immersed in a constant temperature water bath. 

A two-couple copper-constantan thermopile made of 1\o. 30 gauge wire is used to measure 
any sensible temperature change of the ventilating air passing through the calorimeter. The 
reference junction is at the inlet port of the chamber and the measuring junction at the ventilating 
air stream outlet. The imbalance in potential between the two junctions is indicative of the 
change in temperature of the air stream. 

Heat Measuring Chamber. The original calorimeter chamber was constructed of 1.3 by =Is by 13 
inch (1 by w by h ) aluminum alloy wall panels ( Alcoa 2024-T4 ) to give an inside volume of 1 
cubic foot. 'While this size chamber was suitable for direct calorimetry, a smaller chamber was 
built in order to minimize the response lag for indirect calorimetry. The inside dimension of the 
latest model chamber is 12 by 7¥4 by 10 inches ( I by w by h ) giving a volurnc of 1 2-cubic foot. 

As shown in fig. 8, three evenly spaced ~-inch entry port holes, which could he fitted wi th 
removable plugs, were drilled out of the left side of each of the four wall panels. Similar entry 
10les were made in two diagonally opposite corners of the top cover. In addition, a lis-inch hole 
was drilled slightly above each center entry hole in the four wall panels to allow for passage of 
thermocouple wire from the heat flow meters. In the top cover and bottom cover panels the 
thf'rmocouple wire passage holes were located in the left rear corner. Then, all of the aluminum 
panels were anodized. This resulted in a 0.001-inch coating of a luminum oxide which furnished 
necessary electrical insulation between the aluminum panels and the attached heat flow meters. 
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Six heal Hnu mrlrrs were a.sscrnhlcd to cover cai h wall of thr ( aloniiiclcr llic roclcrs consist 

ol iiol( iicd copper coii.staiilan tliermoconple iihlMin strips interwoven in a basket weave (asliion 

uitli ^lass ta|«' .is shown in (ig ') The strips were placed in parallel an<l later connected in series 

to give .ill "op|X'r tofonst.mtan jiinelioiis on one side ol the tlicnn.il insnlaling K''tss li'l*' l'1y*''' 

.ind .ill (onstantan to copper junctions on the other side of the gradient layer 

During asM'iiihly, the copiXT-constanlan strips and glass tap«' were secured at each end to a 

UIKMICII frame hmlt to en< lose an aliiininniii wall panel Two inch wide strips of burlap cloth were 

stapled along the edges of the wooden frame Then, woven panel si/c sections of ttip|)er const;'titan 

rihlxm and glass tape were Ixinded directly to the anodi/ed aluminum panels using an e]X)xy 

resin (Scotchca.sl AM ) After spreading the resin ovei the surface the meter section and enclosing 

wooden frame were placed in an air tight plastic enselope which was evacuated with i lal)orator\ 

vacuum pump Kxcess resin and entrapiMHJ air were removed from the face of the heat flow 

meter wall section Its gentle pressure and s< raping The hurlap cloth along the border ahsorlnxJ 

the excess rcsm \ aciiuin was maintained for () hours during which lime (Irving was facilitated 

hv heat from a 2.r>0 watt infrared light placed above the plaslu envelope After the resin had set 

m each ol the six wall panels, the ends of the copper constant.in nblxm were trimmed and the 

individual strips connected   in  series  to complete  the  thermocouple circuitry. 

The finished .diimmuin panels with their attached heat How meters were assembled to form 

i nbed i h.nnl« i Sid« and liottom panels were s<-cured together with an epoxy resin ((ilyptal) 

and screws I he top panel which served as a cover was attached hv means of hinges and fitted 

with a scaling neoprcne gasket Knurled nuts were used to fasten down the top (over Twenty 

lour gauge llierinoconple lea«' 'Aires from the six individual wall heat How meters wer«' insulated 

and brought to the l«'ft side of the chamber for later attachment to a junction IHIX Then, the 

entir«' mlcnor IIK hiding the facs of the heat flow meters, were painted with one coat ol the 

moisture proof synthetic rcsm ((ilyptal) 

In order lor one side of the heat How meter (o act as a reference junction, provision was 

made lor the maintenanc«' of a constant temperature at the outer walls ol the charnlxT below 

that ol the inner walls (measuring jimctiori). This was accomplished bv covering all six outer 

walls with ' i inch od copper tubing In'rit in 1-inch reverse IH'IKIS I he tubing was soldered to the 

aliimimim walls aller being arranged so that the entering water was split into two streams. Kaeh 

slicam cooled two side walls and either the top or rxittom of the chamber W ater intake and on' 

let (Mirts and cover connections are shown in fig   H. 

The copper tubing and walls were covered with an insulating layer of ^ inch asbestos cement. 

Kaeh individual wall tin i miKouple lead wire was attached to one of six marked outlets ol a 

thermocouple )uri( tion Ixix The junction IKIX was fitted into the lelt side of the chanilx'r Then, 

the thennocoiipli- 1« .id wire's and the walls of the calornurler were covered with a ', ,; inch lavei 

of aslxslos lenient    The final calorimeter covering  was a  coat of  paint 

Air S(iiv.\)liT for Moisture tn Ven/r/rt/mg Air Knergy lost hv the animal in the form of latent 

heal of v .i|xiriAit!ori of moisture is determined bv adsorption and grav imetrical measurement 

Koi this purpose, an air sampler was designed to aiitomatically divert the air stream from one to 

another of Hi adsorption tidx-s at selected time intervals The driving motor was geared so that 

each sampling tulx- could remain in stream for pencxls ol 15, ,'M), or f)<) minutes ('se of the maxi- 

mum settrrig ol M) minutes permils continuous collection of hourlv moisture samples over a If) 

hour period 

\s show n m figs 10 and I I, which show construe tion details, the air sampler is essentially a 

mandold head with ifi outlet [xirts radiating from a center inlet port Kaeh outlet jxirt contains 

i valve which is op«'rated by a continually moving c am ol controlled speed   Moisture is adsorlxnl 
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A. Spread •elector 
B. Manual control 
c. Air inlet 
D. Air outlet port 
B. Wiring for port indicator on control panel 
P. Support bracket 
G. Synchronou• motor, 
8

Jspeed control I. 
J. worm gear• 
K. Bearing •upport 
L. Ma•ter gear 
M. Spur gear 
M. Spur gear 

A 

F1c. 10. Schematic Diagram of Respiratory Moisture and Air Sampler 

on 8-mesh calcium chloride in 6-inch drying V-tubes fitted with glass stoppers. While it is not 
necessary for operation, the air sampler was fitted with electric ci rcuitry for identification on the 
control panel of the adsorption tube in stream. 

Control and Recording System. All of the d i!ect calorimeter controls are centered on a single 
control panel. While it is not necessary to have such an elaborate control panel, the essential 
features of the panel are switches to operate the experiment timer, constant temperature water 
bath for the calorimeter outer walls and ventilat ing air. air sampler for moisture adsorption, and 
the recorder. 

Ope ration of the calorimeter requires that signals from the heat measuring chamber and 
from the thermopile measuring temperature change in the ventilating air be constantly monitored. 
Since both signals could be measured in the 0-1 mv range, only one single channel single pen 
recorder was required for direct calorimetry measurement. Alternate recording was accomplished 
through the use of a repeat cycle timer ( Bristol Motors RCT-109 ), a clock motor fitted with a 
cam. and a snap action switch. The cam was cut so that 2-minute recordings were taken from 
the heat measuring chamber alternately with 40-second responses from the ventilating air ther­
mopile. 

While there is no provision for doing so at present , studies are in progress on suitable means 
of measuring animal activity and body temperature. 
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THE  INDIRECT CALORIMETER 
TIK' heal measuring chainlHT <>( (lie caloruiirtcr uas (alihralctl l)\ (Iclcriiiiiim^ tli<- milli- 

vollaj^c oiilpul ill tin gradient Liver heal How meter units in (lie presence of a earefnlly monitored 

lieal source in (lie (iirin ol a If uliin mi hrnine wire healing (ml I lie energy dissip.iled in tlie coil 

was determined li\ ineasiiring tlti1 voltage drop across tlie etui and tlie current supplied to the 

(ml As represented l)\ the slope of the calibration curve of the heal measuring chaml)er (fig 12), 

the sensitivity of the direct calorimeter is 0.(XX52 or 0 !1   mv/g cal/s(H 

As shown in lig ii, a r^)'7' response occurred in I f) mimites and a I(X)'" res|xinse in 8 0 

nunntes Hes|K)iise (lines during heating with a constant heal load and the time nccessarv to re 

turn to tlie haselme .liter heating was discontimied were simiiai in thai alxiut S miniites were 

re(|uire<l Numerous tests indicated that llie milhvoltage rcs|V)nse ol the heat measuring chamlwr 

lor a given amount of heat input was constant lor a giscn water hath temperature Only rapid 

change in  temperature of  tie  surroundings disturhcd the cquilihrnun response 

In actual operation, the test animal, unless in the |X)stahsorpfive state (I'AS), was mtuhated 

with or lramc<l to consume a known amount of diel in a shoit tune Tlie animal was weighed and 

put  into the cage in  the calorimeter chamber.  Chaiiil)et   temperature  was maintained   at  270(] 

050r 

üV "OT" 0.6 0.8 10 12 

THERMAL    LOAD OR   HEAT   OUTPUT,  caI/second 

I 6 

!-'i(     \1  ('alihiahon (airses of Heat  Measuring ('hamlwr, of the Direct Animal Calorimeter 

with an average ventilation  rale of approximalelv   155-1  ci   nun    Ih. n,  the  moisture  adsorption 

IIIIM-S were weighed and inserted into the air sampler   Because of a fast response tune, data from 

the direct calorimeter were rciordcd as soon .is the animal Ix'came accustomed to the surround 

nigs in alxiut   15 minutes 

The total heal  production  of  the test animal  was  calculated  as  the  algebrak   sum   of  the 

energv   represented hv    (I)  the area under the resjxinse curve  of   the heal  measuring  ( hamlx-r 
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( setisiNr  lic.iM.   (2)   the tciiipcr ,il iirf (liHcrciicc  <•(   (lie  \ ciitilalin^ air   as   indicutcd   by  llic  un 

Italaiicc uf  llic llirriniipilc placed al the vrnhlatm^ air inlet and ontlcl of llic cliainlxT ( no change 

detected     and  I  i I   the latent heat of the moisture collected in the adsorption tubes ( eva[)orative 

heal l 

Results and  Discussion 
The direct  culonmetei   has given satislartors   |)erloriiiaiii <■ (01 perKnls up to  15 hours during 

a total operating time ol   110 h mrs   \  siimman   of   results   Irom   all   (alonmeter   exjXTiinents   is 

given  in table  .Xl\     In  the  table   operation.il  runs of more than  1 hour duration .ire grouped ac 

c oidmg to the animal used 

Total heat  prod'K tidii values lor test  periods of   1 hours or more varied  less when presented 

on a inetalxilu   IHMIV   si/e basis (kcal/kg0 7V2-1 br i  than on a IHKIV  weight basis ( k( al  kg'21 hr) 

With rat  No   1, the various treatments produced a heat production of Sfi to 110 kcal/kg0 7'5/24 lir 

0 40r- 

-O- T 
—o 

I0C%  RESPONSE 

4 5 
TIME - MINUTES 

I'K.   11   lime Meqnired to Kslahlish K()uilibriiim in the Heat Measuring Chamber Under 

(/(instant   Heat   l^iad 

Heat [jrcKJnction of  rat  No   2 varied from S() to   ll(i kcal   kg""'  21 hi    Koi   rat   No    1, alxiut H-T'- 

of this heat was in a sensible form, as compared   (o Sft'"   foi   rat   No   2 

The data indicate that total heal pn iuclioii on a 2) houi basis was not markedlv affected by 

lasting from I to 22 hours (tables XV Will ' or bv the feeding of a mixed normal Iviv diet pist 

before calonmetrv (tables XIX, XX) On a limited nmnlx'r of experiments with mtnbated u.-Mary 
energv source's containing 25 C.u\. heat production on l,3-bntaiiedio| (tables XXI. XXII) was 

snnilai or less than that obtained with water intubation ( tables XXI11 XXI\ I ( hi the other hand, 

the i1 ixinse m 2 tests with 'IT) (!al ol iiitnbated smrose solution ( tables XXV, XX\ 1 i was greater 

than tiiat obtained with water, 1 .'i biilandiol or fe»"ding a mixed diet iliwevei. in one !) hour run 

comniencing aftei le<-ding a I0''' 1,'] biit.ine<liol diet (table XXVII), heat production was in the 

normal range Thus when 1 ,'i butanediol is intub.ited or fed alone, the low er beat production oh 

served mav be due to slower absorption of this compound as compared to that of normal food 

componeiils as sucrose 
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Individual test heat production data are given in tables XV to XXVII. These data indicate 
that, in general, heat production increases slightly during the first and second hour a fter feeding. 
This increase does not appear to be significant. In addition, the percentage of the total 24 hour 
heat production given off for a particular hour appears to be quite constant regardless of the time 
of feeding. 

TABLE XI\ 

Summary of All Calorimeter Experimental Runs 

Weight Hours Run Sem i- Evap- Total 
R.at Start Loss Dietary Diet After Time Total ble 1nativc (kcal/lcg/ 

g g Status Feeding hr ( kcal/ kg0.75j 24 hr ) 24 hr) 

6 495 PAS* 22 1 107 88 12 128 
4 445 PAS 22 1 114 84 16 140 
5 475 PAS 22 1 106 83 17 128 
1 335 PAS 22 1 117 83 17 154 
1 335 Fed Basalt 0 1 108 80 20 142 
2 -HO Fed Basal 0 1 103 78 22 128 

1 357 15 Fed Basal 51,2 15 101 83 17 132 
1 374 15 Fed Basal 5 14 91 82 18 117 
1 362 Fed Basal 0 5 87 85 15 113 
l 385 Fed Basal 1 11 105 87 13 134 
1 367 5 PAS Wated 0 4 86 78 22 110 
1 367 10 Fed Surcose§ 0 4 110 83 17 142 
1 372 12 Fed BOll 0 5 86 83 17 110 

2 -148 14 Fed Basal 51h 15 103 81 19 126 
2 408 12 PAS 0 7 101 88 12 127 
2 397 10 Fed 10'7o BD~ 0 9 104 87 13 131 
2 403 10 PAS Wated 0 4 101 83 17 127 
2 392 8 Fed Sucrose§ 0 5 116 91 9 147 
2 408 13 Fed BOll 0 6 86 86 14 108 

TOTAL 110 

•po,t absort ivc ~t ate 
t207o Casein diet 
!Intubated with 10 ml water 
§Intubated with 25 Cal ~ucrose in 10 ml volume 
II Intubated with 25 Cal 1.3-butanediol in I 0 ml volume 
207r ca~ ·in, 107o 1,3-butancdiol diet 
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TABLE XV 

Heat Production of Rut Fed 51h Hours Before Calorimetry 

Total Heat Percenta~e Sensible Evaporative 
Hour Production ofTota Heat Heat 

(cal) (cal) (cal ) 

1 1818 6.3 1422 396 
2 2337 8.1 1827 510 
3 2245 7.8 1897 418 
4 2160 7.5 1800 360 
5 2019 7.0 1746 273 
6 1951 6.8 1665 286 
7 1878 6.5 1530 348 
8 1783 6.2 1476 307 
9 1808 6.3 1557 251 

10 1851 6.4 1557 294 
11 1678 5.8 1395 283 
12 1940 6.7 1665 275 
13 1919 6.7 1584 335 
14 1739 6.0 1476 263 
15 1704 5.9 1503 201 

Total 22,830 100.0 24,030 4800 

Rat number 1: fasted 16 hours before feeding; 357 g at start. 

Water bath temperature : 28°C. 

Air flow: 1554 cc/ min. 

Total heat production : 101 kcal/ kg0·7SJ24 hr. 
132 kcal/kg/24 hr. 

TABLE XVI 

Heat Production of Rat Fed 5 Hours Be fore Calorimetry 

Total Heat Percent~e Sensible Evaporative 
Hour Production of Tot Heat Heat 

(cal ) (cal) (cal) 

1 1655 7 1248 407 
2 1729 7 1422 307 
3 1754 7 1504 250 
4 1746 7 1450 296 
5 1867 8 1436 431 
6 2086 8 1490 596 
7 1795 7 1503 292 
8 1776 7 1490 286 
9 1826 7 1598 228 

10 1728 7 1463 265 
11 1751 7 1530 221 
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TABLE XVIII 

Heat Production of Rat in Postabsorptive State 

Total Heat Percentaje 
Hour Production of Tot 

(cal) 

1 2370 16 
2 2080 14 
3 2073 14 
4 2220 15 
5 W7 14 
6 2033 14 
7 1992 13 

Total 14,845 100 

Rat number 2: 408 g at start; 396 g at finish. 

Water bath temperature : 27°C. 

Air Oow: 1554 cc/min. 

Total heat production: 101 kcal/ kg0-75/24 hr. 
127 kcal/kg/24 hr. 

TABLE XIX 

Sensible 
Heat 
(cal) 

2084 
1828 
1801 
1922 
1895 
1800 
1828 

13,158 

Heat Production of Rat Fed 5 Crams Basal Diet Before Calorimetry 

Total Heat Percenta~e 
Hour Production of Tota 

(cal) 

1 1509 18 
2 1870 22 
3 1687 20 
4 1594 19 
5 1737 21 

Total 8397 100 

Rat number 1: fed 5 g 20o/o casein diet, 362 g at start. 

Water bath temperature: 27°C. 

Air ftow: 1554 cc/min. 

Total heat production: 87 kcal/kg0·7SJ24 hr. 
113 kcal/kg/24 hr. 

37 

Sensible 
Heat 
(cal) 

1294 
1557 
1449 
1368 
1449 

7117 

Evaporative 
Heat 
(cal ) 

286 
252 
272 
298 
182 
233 
164 

1687 

Evaporative 
Heat 
(cal ) 

215 
313 
238 
226 
288 

1280 
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H.il  iiiiinhcr   1    led .") 1   v, 2(r;   (.iscui (lift    3.V)   u  .it   ^^lrl     171   a,  at   hnisli 

\\ atci   li.il li  tciii|U'i aturi-    27 ('. 

\ir  ilms     1'>r>l  i (    mm 

dial  IK .il   prodiK tion     105 ki al, ki^" :''  21  lir 

131 kcal ki; 21  hi 

I \1U,I    XXI 

llidl I'nidiK linn II' Hnt iiil 2 > ( ill /)/)' IU Inn  ( iiliiriuu Iri/ 

I DI.il llc.itl I', n riil.u'i S,i, iKl. I \.i|xiraliM I 

I'ri.diiilion nf   h.t.il licit llr.il 

i ,il 1 I i .il ) i c .il 

1 LSI I 21 I.r)()3 lOS 
2 \m) I() n2.S 272 
i ir)(>i i() i^w '2m 
i mm 20 i m isv 

:> 17.10 21 ll«i 29-1 

otal SKH I(X) fi,)7l I I2() 

H.il riiimlx'i   I    inliihalc«! uitli  I I i; ill) and 5 9 ml ualn   i 2") l a!  hi) >,   172 £ a I  start,   1M1 y, at 

linish 

W alcr   lialli   tcmpcr.it me    27 (' 

\ir  lli'u     I5.5-I  < (    mm 

Intal   lir.it   piddm linn       S<)  kial  k^"7'   21   lir 

110 kral  ku 21   lir 

' I     i   I.Mt.ni. .Ilol 

U uliiinctii nm  w illi  tin    _!IHI  In mi    I lie iii(ii\ti;rc dillii linn i< |ni|inn nl l.nli il .mil tin   J In r) limir  v.ilncs Im cv.iixira- 
tlM   In.it  .in   i slim.ili s  II.IMII mi iiri-viniiv n suits wilh llns .imm.il 
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TABLK VXII 

Heul I'rotltK turn (>f Hut led 2.5 ('til Hi) Hcjorc ( uu'hmflry 

Hour 
Idt.tl II.at 
I'mdiu tion 

(nil ) 
nf   Icital 

SctlMtll« 
tlr.it 
(<al) 

h vaixjralivc 
Ural 
(. al) 

ital 

2192 
182« 
1H28 
1778 
1716 
1812 

11,181 

21) 

16 

16 

Ui 

16 

16 

l(K) 

1819 

1517 

1517 

1176 

14-19 

1504 

9282 

37.3 

.HI 

311 

302 

297 

308 

1902 

Hal MIIIIIIHT 2.  nitnli.itrd with 4.1 g HI) and 5.9 ml water ( 2r) ca! HI)»,   108 g at start. 395 i; at 
finish. 

Water   lialh   teiii;)t rature    27  (,' 

\ii  {\n\\     1554 (c   min. 

Iota! heal   production     86 kcal/kg"7V24  hr 
108 kcal/kg/24 lir. 

TAHLK XXIII 

llcal Vroduciion of Hal in P()sta})s<>r])tii r Sidle 
Intubulcd u Uli 10 ml Water 

llcMII 
Total Meat 
Product ion 

(cal) 

I'cn rllt.l^i 
of Tola! 

Scusllllc 
llcal 
{ i al ) 

l-vaixiratiM1 

llcal 
( cal) 

3 
I 

Total 

2078 
2111 
2105 
2148 

8442 

25 
25 

25 

100 

1638 
17,34 
1774 
182« 

6974 

440 
377 
,131 
320 

146« 

Hal  nninher  2    403 v, at  start.  39,3 g at   fini.sli 

\\ alci   i.itti  temperature:  27nC 

\ir (lo\v     1554  (i 'mm 

Total  heat   prodnetioti    101   keal/kg07''  24   hr 
127 kcal/kg/24  hr 
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TABLE XXIV 

Heat Production of Rat in Postabsorptive State 

Total Heat 
Hour Production 

(cal) 

1 1851 
2 1655 
3 1655 
4 1491 

Total 6652 

Rat number 1: 367 g at start. 

Water bath temperature: 27°C. 

Air flow: 1554 cc/min. 

Intubated with 10 ml Water 

Percenta~e 
of Tota 

28 
25 
25 
22 

100 

Total heat production: 86 kcal/kg0·75j24 hr. 
110 kcal/kg/24 hr. 

TABLE XXV 

Sensible 
Heat 
(cal) 

1544 
1149 
1375 
1143 

5211 

Heat Production of Rat Fed 25 Cal Sucrose Before Caliometry 

Total Heat Percentage Sensible 
Hour Production of Total Heat 

(cal) (cal ) 

1 2513 21 2286 
2 2326 20 2138 
3 2323 19 2124 
4 2390 20 2206 
5 2328 20 2124 

Total 11,880 100 10,878 

Evaporative 
Heat 
(cal) 

307 
506 
290 
348 

1451 

Evaporative 
Heat 
(cal ) 

227 
188 
199 
184 
204 

1002 

Rat m•mber 2: intubated with 6.25 g sucrose in in 10 ml water ( 25 cal) ; 392 g at start; 384 g at 
finish. 

Water bath temperature: 27°C. 

Air flow: 1554 cc/min. 

Total heat production: 116 kcal/kg0·75f 24 hr. 
147 kcal/ kg/24 hr. 
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TABLe XXVI 

Heat Production of Rat Fed 25 Cal Sucrose Before Caliometry 

Total Heat• PercentaJe Sensible Evaporative• 
Hour Production of Tot Heat Hwt 

(cal) (cal ) (ca1) 

1 1795 21 1490 305 
2 2170 25 1801 369 
3 2210 26 1827 383 
4 2420 28 2016 404 

Total 8595 100 7134 1461 

Rat number 1: intubated with 625 g sucrose in 10 ml water ( 25 cal) ; 3ffl g at start; 357 g at 
finish. 

Water bath temperature : 27°C. 

Air flow: 1554 cc/min. 

Total heat production: 110 kcal/kg0·7SJ24 hr. 
142 kcal/ kg/ 24 hr. 

*Due to mechanical failure, moisture collection apparatus was not functioning during this test period, and the 
evaporative heat values are e!>1imates based on previous runs with this rat. 

TABLE XXVII 

Heat Production of Rat Fed 8.2 Grams 10'7c BD Diet 

Total Heat 
Hour Production 

(cal ) 

1 1996 
2 1751 
3 1910 
4 2071 
5 1990 
6 2575 
7 2328 
8 2331 
9 2304 

Total 19,256 

Rat number 2: 397 g at start. 

Water bath temperature: 27°C. 

Air flow . 1554 CL/ min. 

Percenta~e 
of Tota 

10 
9 

10 
11 
10 
14 
12 
12 
12 

100 

Total heat production : 104 kcal!kt>·7SJ24 hi. 
l3l kcal./)(g/ 24 hr. 

41 

Sensible 
Heat 
(cal ) 

1760 
1558 
1679 
1787 
1814 
2205 
1962 
1962 
1976 

16,703 

Evaporative 
Heat 
( ca1 ) 

236 
193 
231 
284 
176 
370 
366 
369 
328 

2553 
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